The second di ssociation constant of oxali c acid was determined at interval s of 5 d egrees from 0° to 50° C by measurement of the electromotive force of cells without liquid junction . Hydrogen a nd sil ver-sil ver-ch lorid e electrodes were employed . The so l u tions were composed of potassium binoxalate, sod ium oxalate, and sod ium ch loride. The valu e of the second dissoc iation con tant, 1(2, in t he tempe ratu re range st udi ed is given by the equation
Introduction
As fixed points of reference on a standard scale of pH, it is desir able to have available several standard buffer solution that differ not only in pH but in chemical character and ionic type. If t hese solutions are all of comparable stability and give rise to about the same liquid-j unction potential when brought into contact with a satmated solution of potassium chloride, they will erve equally well for the calibration of the pH mcter with glass electrode. For control pmposes, however, some will be preferred on account of a higher buffer capacity. Others may be unsuitable for use with indicators or with the quinhydrone electrode because of specific unfavorable reactions or because the multivalent anions of which they are composed cause unusually large salt errors. Other buffer substan ces may poison the platinumhydrogen electrode or may undergo catalytic reduction in contact with it. Hence, new standards of pH will usually find use. These may eventually be classified, on the basis of comparative studies, as eith er primary or secondary standards.
In the search for buffer mixtuTCs that might partially bridge the gap in pH between acid potasDissociation of Oxalic Acid sium phthalate (pH 3.9 to 4.2 [1] 1) and mixtmcs of primary and secondary alkali pho phates (pH 6.7 to 7.0 [2] ) , the oxalate system was considered. Aq ueous mixtmes of a primary and a secondary alkali oxalate in equal molal amounts have pH values near 4. If the itme two salts arc used in the molal ratio of 1:5, however , buffer olutions with pH from 4.5 to 4.8 can be obtain ed. These solutions are stable in contact with the platinum hydrogen electrode. Fmthermore, pme sodium oxalate is available as an NBS Standard Sample. Although the relatively large concentration of bivalen t anions may detract from the usefulness of these buffer solu tions in some instances, oxalate mLxtures can often be employed advantageously for control and standardization.
The second dissociation constant of oxalic acid at intervals of 5 degrees from 0° to 50° C was determined by the method of Harned and Ehlers [3] from the electromotive force of cells of the typ e Pt; H 2 (g), KHC20 4 (ml ), Na2Cz0 4 (m2), NaCl (m3), AgCI (s); Ag.
(Cell A)
The changes of free energy, heat content, entropy, and heat capacity that occur when the process (1) takes place in the standard state were computed from the dissociation constants and their temperature coefficients. The activity pH values (paH) of several buffer solutions composed of potassium binoxalate and sodium oxalate in the ratio of 1 to 5 moles were calcula ted. The activity coefficient of chloride ion in the chloride-free buffer solutions was evaluated by five different methods , all of which were found to yield nearly the same p~H .
II. Experimental Procedures and Results
Oxalic acid, the neutral and acid oxalates of sodium and potassium, and potassium tetroxalate were compared in an effort to determine which were best suited to the preparation of standard buffer solutions . Solubility, drying characteristics, hygroscopicity, degree of hydration, thermal stability, and ease of purification were considered. Each of the salts, with the exception of potassium t etroxalate, was dried to constant weight at 105° C. The temperature was then raised in steps of 10 degrees and constant weight attained at each temperature. This procedure was continued until the increase of 10 degrees in temperature produced a loss in weight no greater than 0.01 percent of the w eight of the sample, or until the substance decomposed. The dried samples were then exposed for 24 hours to air of 45-percent relative humidity at 25° C. The results of these experiments are listed in table 1, together with some other properties of these materials.
Potassium tetroxalate dihydrate could not be dried to constant weight, and when the temperature was raised sufficiently to drive off the water of hydration, the component oxalic acid began to sublime. Sodium oxalate is considerably less soluble than potassium oxalate. Nevertheless, sodium oxalate was selected because it is less hygroscopic and is available in pure form as an NBS Standard Sample. Inasmuch as sodium binoxalate could not be dried to constant weight, potassium binoxalate was chosen as the primary salt used in preparing the buffer solutiOllS.
Reagent-grade potassium binoxalate was purified by two recrystallizations from water to which a small amount of potassium carbonate had been 406 added [6] . Seven weight titrations of the product gave a mean of 100.03 percent, with an average departure from the mean of 0.03 percent. Phenolphthalein was used as indicator, and the endpoint was established by comparison with a bufferindicator mixture adjusted to about pH 8.3. The sodium chloride used had been recrystallized from water. It was tcsted [7] and found to contain about 0.002 mole percent of bromide. The specific conductance of the water used to prepare the buffer solutions ranged from 0.4 to 0.7 X 10-6 mho. An upward drift in the el ectromotive force of some of the earlier cells, most pronounced at temperatures above 25° C, was observed. It was discov ered that this drift could be eliminated almost completely by guarding the buffer solutions from contact with the rubber stoppers. The intervening space was filled with pure hydrogen. The cause of the drift is as yet unexplained. Traces of sulfide, such as might be dissolved from the rubber, have b een found not to have a large eff ec t on the po tential of the sil ver-sil ver-chloride electrode [7] .
In view of the relatively low pH of the oxalate mixtures, no attempt was made to exclude atmospheric carbon dioxide while the solutions were being prepared. Dissolved air was subsequently removed, however, by passing pure hydrogen through the solut,ions. Other experimental details will be found in an earli er publication [8] .
The electromotive force, in international volts, of cell (A) at 11 temperatures from 0° to 50° C is given in table 2. Each cell contained two hydrogen electrodes and two silvel'-silver-chloride electrodes. H ellce, eaell electromotive force valu e r epresents, in general , th e mean of two r es ults. The el ectro. rnotiv e force h as b een corrected in thc usu al way to a partial pressure of 760 mm of hydrogen. In th e first four series of solutions, t he r elative proportions of potassium binoxalate, sodi LIm oxalate, and sodium chlorid e were 1 : 5: 2.5. In th e n ex t two seri es, th e mol ali t ies of odium chlorid e werc r esp ec tiv ely th e sam c a , and O1) ehalf of, the molali ti es of th e acid al t. Th e solut ions comprising the last series con tain ed eq ual molal amounts of the three sal ts. 
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. . 006896 The most accurate and extensive results were obtained for the first four series, where the ratio of con centration of sodium chloride to that of potassium binoxalate was somewhat hj gher than in the other thl'ee series. For this reason, the second dissociation constant was evalu ated from the electromotive for ce data for the first four series alone. -
All of the cells were brought to ini tial eq uilibrium at 25° C. Another mea.surement at 25° C was made at the completion of the measurements at the lower temperatures and before the measurements at the higher temperatures wer e b egun . In addition, a final value at 25° C \\ a·s obtained. The initial and final values for the solutions of the first foUl' series, from whieh the
complete series of measurements, the mean deviations of which wer e about 0.10 mv.
III. Calcula hon of the Second Dissociation Constant
The dissociation constant is expressed in terms of th e measured electromotive force, E , by the equation
where E O is the standard potential of the cell [3 ,9] , A and B arc constants for the water rnedium at each temperature [10] , a* and {3* are adjustable parameters, and F , R, T, and jJ. have their usual significance. Equation 2 r esults from combining the equation for the electromotive force of the cell with the mass-law expression for the dissociation of binoxalate ion and with the I-liickel formula [11] for the activity coefficients. The a ctivity-coefficient term, fo r convenience designated log f T, takes the form
As a result of the appreciable acidic disso ciation of the bin oxalate ion, the penul timate term of eq 2 is not given with suffi cient accuracy by log (mt!m2) ' Consideration of the equilibrium r epresented by eq 1 leads to the equality, The hydrogen-ion concentration, rnH , was computed in one of two ways: from the electromotive forc e by the expression
-log m H = 2.3026RT+ lo g rnC l -1 + 5B.,/;;' (5) or from th e mass-law expression with th e aid of a first estimate of pK2 ,
4A";;;
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The value of rnH obviously dep ends upon th e choi ce of a * (that is, 5) in the last terms of eq 5 and 6.
The error in rnH from this cause dimini hes as th e ionic streng th d ecreases and disapp ears in th e extrapolation to infinite dilution. H en ce both methods w er e found to yield the same valu e of pK2.
""'h en the righ t side of eq 2 at 25° C was plotted as a function of ionic strongth, the three curves of figure 1 were ob tained. From top to bottom, these 'rem perature significan t tr end of a * with ra tio of chloride to oxalate was detected . The uncer tainty in {30 appears to b e about ± 0.005. These values of pK2 are compar ed in table 5 wi t h previous det erminations of the second constant. It will be seen that th e values of pK2 given by Harned and Fallon (17] are higher by 0.02 to 0,03 than the r esults r eported here. The same metllOd and ty pe of cell wer e employed in both investigations. Sodium binoxalate was used instead of th e potassium salt, and the buffer solutions were composed of t he three salts in the approximate molal proportions 1.9: 1: 1.5. In an effort to explain this discrepancy , two oxalate-chloride mixtures of the same compositions as two of the solutions used by Harned pared . The electromotive for ce of cells of type (A) containing these solutions was measured at 25° C and found to agree fairly well with the r esults given in their pa,per . Furthermore, calculation of pK2 -{3 *p. at 25° C from the data of Harned and Fallon without consideration of the dissocia tion of binoxalate ion led to values apparently identical, when a* = 4 .3 was used, wi th t hose obtained by Harned and F allon without a correction for hydrogen ion. As these authors have pointed out, their " uncorrected" pK2 also agrees with the r esults of Part on and Gibbons (16] , whose data were not corrected for acidic dissociation.
----, -_ · _ -----------------------------------_ · _ ---°C 0 __ ----------------------
The discrepancy therefore seems to have arisen in the correction applied for th e acidic dissociation of th e primary anion. Harned and Fallon state that the correction amounts to 0.007 in pJ{~ for their lowest concentration (ml = 0 .004516 , m2 = O. m2=5ml; m3;=2.5mJ; series 1. ~,m2= 511h ; 7113;=2 .5ml; series 2. e, mz=5m, ; m3:=2.5ml; scries3; ct, m2=5ml; m3;= 2.5ml;series 4. 6., 11l1=mz= ma.
x, Data of Harned and Fa llon [171 .
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0.008589 ) and is negligible for the h ighest (m, = 0.04945, mz = 0.02600 ). The corresponding corre etions from the present calculation are 0.0253 and 0.0081. WIl en PJ{2 is calculated by the same procedure from the data of Harned and Fallon, of Parton and Gibbons, and of th is investigation, substantially the sam e result is obtain ed. Th e PJ{2 valu e obtained in this investigation i plotted in figure 2 as a function of ionic strength and compared with corresponding valu es (crosses) computed from th e data of Harned and Fallon [17] . Th e triangles indicate PJ{2 computed from the electromotive force of the 1: 1: 1 series of solu.t ions (see table 2). It is apparent th at substantially the same dissociation constant is obtained from th e three series of measurements, although th e bufl'er ratio ch anges tenfold . The horizontal lines represent th e average value of pJ{2listed in the n ext to the last column of table 4.
The variation of the dissociation constan t with absolu te temperature, T, is represented , with an average deviation of 0.0004 , by
The use of an equation of this form was suggested by Harned and Robinson [19] . The ch ange of -log J{2 with change of temperature is illustrated in figure 3. 4.40,----, -----, -----. -----.---- 
4.351----t ----t ----t ----

IV. Thermodynamic Quantities
From the parameters of eq 7, a calculation was made of the changes of free energy, of heat content, of entropy, and of heat capacity that accompany the process HCZ0 4-= H ++ C20 4= in the standard state. The equations relating these quantities to A , B, and C (which are respectively 1423.8, -6.5007, and 0.020095; compare eq 7) are given in an earlier paper [8] . The results of the calculation are listed in table 6.
V . Activity Coefficients and paR Values
It is evident from eq 3 that an expression for log j~, that is, the limit of log (fHC 2 0JC Z 0 4 ) in 1:5 oxalate buffer solutions without chloride, can be T he quan tity -log (fHfClmH), readily obtainable from the el ectromotive force of cells of type (A), bas been proposed by Guggenheim [20] and by Hi tchcock [21] as a uni t of acidity. I ts value for eigh t 1: 5 oxalate buffer solu tions wi thout chloride was computed from a combinftLion or eq 8 with th e mass-law cx pression :
2A ·/;' 1+ 5B..jIJ. 13°IJ. , (9) where the superscrip t zero indicates th at chloride is absent. It should be no ted that -log (fHiClmH) ° r which will be called pwH wheth er chloride is present or no t, is a quantity with exact thermodynamic m eaning. Its value in th e oxalate buffer solu t ions is summarized in Th e defini tion of pH and th e r elative advantages of several possible scales of acidi ty h ave been discussed recently [22] . Th e pwH differs from paH by the logarithm of th e activity coefficien t of a single ionic speOles, a quantity th at cannot b e measured: paH = pwH + log/cl.
(1 0)
Hence, some assumption must be made in ord er to relate iCI to m easurable combinations of activity I coeffi cients or to theor etical equations. Since no single assumption has as yet b een assimilated into a generally accepted definition of paH , five scales based upon five difi'er en t assumptions h ave been considerecl . 2 For th e 1:5 oxalate buffers, th ese scales are defined by the following equations:
A..j;;
where th e value for a i is arbitrarily chosen ; P2H = pw H + log i HC I, ' T hese five assumptions have been discussed elsewhere [22, 23] . (14 ) and (15) In table 9, pwH and th e five paH values, all at 25° C, arc compared with th e paR determined with a pH m eter of the glass-electrode type calibrated at 4.01 with a 0.05-m solution of acid potassium phthalate [1] . For the computation of P2H , th e aver age of iHC ' in pure solutions of sodium chloride and po tassium chloride of th e appropriate ionic strength was chosen in preference to its value in solutions of hydrochloric acid, in recognit ion of th e probable specific influences of differ ent cations upon 10\ in the buffer m edium. This activity coefficient was computed from publish ed electromotive force data [24, 25] with the use of Harned 's equations for the activity coeffi cient of hydrochloric acid in mixtures with alkali chlorides [25] . A graphical comparison of P2R , P3R , P4H, and P5R as a function of ionic str ength is made in figure 4 . The upper and lower dotted lines locate PIR when a i is respectively 6 and 4. It is eviden t from table 9 and figure 4 that the five assumptions yield equivalen t r esults at low concentrations and that the scales diverge to the extent of only 0.02 unit at an ionic strength of 0.24 . Tables 10 and 11 list the values of P3R and P5R for eight 1:5 oxalate buffer solutions at 11 temperatures from 0° t o 50° C . The change of paR (taken as the mean of the closely agreeing P3R and PsR ) with change of temperatme is shown in figure 5 .
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The densIties of three solutions of potassium binoxalate (m) and sodium oxalate -------""'"-,---------,-------- 
when m is equal to or Ie s than 0.015. Molality and molarity therefore differ by only 0.5 percent for the most concentrated of t h e buffer solution whose paH is given in tables 10 and 11. H en ce, the paH listed differs by less than 0.0008 from that for solu tions of molarity numerically equal Lo the molality given at the head of each column, and the two scales of concentration can be u ed inLerchangeably below m=0.015. --------, -----, -------, --- 
